The effects of preventing female helmet crabs, Telmessus cheiragonus from mating during one breeding season on egg production and egg viability were assessed by investigating the egg clutches of the females isolated from males. A total of 38 females and 18 males were collected in April before the mating peak in 1996 and 1997 in the sublittoral zones of Usujiri, southern Hokkaido, Japan. Eighteen females were held together with 18 males (mating group) and 20 females were isolated from males (non-mating group) during about 7 months of captivity. Subsequently, 11 females of the mating group molted, copulated and produced an egg clutch, and 10 females of the non-mating group molted and spawned without mating. Egg clutch weight and egg diameter did not differ significantly between these two groups. There was also no significant difference in the percentage of viable eggs in an egg clutch between the groups. These results show that preventing female T. cheiragonous from mating during one breeding season has no effect on either clutch size or % viable eggs in a clutch. Sperm storage over one mating season in this species may be advantageous because it allows multiparous females, especially larger ones which could molt and copulate less frequently, to ensure their eggs will be fertilized.
INTRODUCTION
Female brachyuran crabs store sperm delivered from males in a pair of spermathecae, and may fertilize their eggs using the stored sperm when they spawn (Hartnoll, 1968a) . Polyandrous females of some brachyurans store sperm for multiple mates (Diesel, 1988; Paul and Adams, 1984; Urbani et al., 1998) and this may promote sperm competition. In some brachyurans, the sperm from the last male to copulate with a female before she spawns fertilizes most of her eggs (Diesel, 1990; Koga et al., 1993; Urbani, et al., 1998) . Some authors have reported that depletion of sperm stored in the spermatheca increases the proportion of unfertilized eggs in a clutch (Paul, 1984; Yamasaki et al., 1994; Rondeau and Sainte-Marie, 2001 ). These results suggest that retention of sperm viability in spermathecae can affect egg production as well as male fertilization success. Hence, it is important to clarify mechanisms of sperm storage and fertilization in the spermatheca in order to understand the male contributions to reproduction. However, only a little is known about these mechanisms in a few brachyuran families (Diesel, 1990; Lee and Yamazaki, 1990; Jensen et al., 1996) . Females of many brachyurans are able to fertilize eggs in two or more clutches using stored sperm and without mating between clutches (Binford, 1913; Hartnoll, 1965 Hartnoll, , 1968b Pillay and Ono, 1978; Yamaguchi, 1998) . In Chionoecetes bairdi Rathbun, 1924 , Chionoecetes opilio (O. Fabricius, 1788 , and Cancer magister Dana, 1852, it has been confirmed that stored sperm retain their viability to fertilize eggs for more than a year (Kobayashi, 1983; Paul, 1984; Shirley and McNutt, 1989) . Such long-term retention of sperm viability is likely to develop in species inhabiting higher latitudes because they generally would require a longer period for egg incubation and they would spawn less often.
Cheiragonidae is a common family in the North Pacific (Schweitzer and Salva, 2000) . Females of this family have a spawning interval of one or more years (Nagao et al., 1999; Nagao and Munehara, 2001) , but information about sperm storage and use has not been investigated in this family.
The cheiragonid helmet crab, Telmessus cheiragonus (Tilesius, 1812), inhabits shallow waters from the northern coast of California to the Bering Sea, the northeast coast of the Korean Peninsula, the Sea of Okhotsk, and the Pacific coast of northern Japan (Urita, 1937; Sakai, 1976) . T. cheiragonus is harvested and closely related to the hair crab Erimacrus isenbeckii (Brandt, 1848), which is one of most important fishery species in Japan. Telmessus cheiragonus mates just after the female molts (Kamio et al., 2002) . In southern Hokkaido, Japan, mating occurs from May to June (Nagao and Munehara, 2003) . Three to four months later September to October, females spawn and incubate their egg clutch for 6 months (Nagao and Munehara, 2001) . Hence, the females must retain viable sperm in the spermatheca for at least 3 months after copulation. It is not known if stored sperm remain viable for longer periods and why the crab mate annually.
We examined the egg clutch size, egg size, and egg fertilization of T. cheiragonus females that were isolated from males between the mating and spawning seasons in order to assess the egg production and viability of sperm retained in the spermatheca. The effects of molting on sperm viability were also examined.
MATERIALS AND METHODS
Thirty females and 10 males of T. cheiragonus were collected by landing nets in the sublittoral zones of Usujiri, southern Hokkaido, Japan (N418579, E1408589) on 31 March and 21 and 28 April 1996. An additional 8 females and 8 males were captured by the same methods in the same areas on 29 April 1997. All captured crabs were transported to Usujiri Fisheries Station, Field Science Center for Northern Biosphere, Hokkaido University. Carapace length (CL) of the crabs was measured to the nearest 0.1 mm. All females were collected before the May-June mating season and none of them had sperm plugs, which are signs of mating or a soft exoskeleton that is frequently observed just after a mating (Nagao and Munehara, 2003) . We therefore assume that the females had not mated in the year they were collected.
In 1996, the collected crabs were separated into two groups, a mating group, including 10 females and 10 males, and a non-mating group of 20 females. Both groups were held in separate circular tanks (0.5 m diameter 3 0.4 m high) at the Usujiri Fisheries Station in a room with windows that allowed natural light to enter, and were exposed to a nearly natural light cycle. The bottoms of each tank were covered with a 5 cm-layer of sand, and natural seawater was supplied to each tank at a rate of 5 L per minute. Water temperature in the tanks fluctuated from 2.9 to 20.4 8C (Mean 6 SD ¼ 11.9 6 5.88C, Fig. 1 ) during the 1996 experiment (31 March-28 November). In 1997, the 8 females and 8 males were held in the circular tank used in the 1996 experiment. The light, sediment, and water conditions were the same as in the previous year. The water temperature ranged from 4.6 to 20.38C (Mean 6 SD ¼ 12.8 6 4.68C, Fig. 1 ) from 29 April to 10 December, 1997. In both years, the crabs were fed pieces of frozen shrimp (Pandalus spp.) twice a week. The crabs were checked daily at 13:00 and all molting and copulating crabs were noted.
In 1996, six of the 10 females in the mating group molted between 13 May and 16 June. All of these females copulated with one or more males as demonstrated by the presence of sperm plugs. Ten of the 20 females in the non-mating group molted during the same period. The males in the mating group and non-molted females in both groups were removed from the tanks during the last week of July. The remaining 16 females from both groups were kept in the tanks and allowed to spawn their eggs. The eggs that were in an early developmental stage were initially observed on 31 October, 1996. In 1997, five of the 8 females molted and then copulated with the males between 15 May and 6 June. All of the males and non-molted females were removed from the tank in the last week of July. The remaining 5 females were incubating eggs with early stage embryos on 15 October, 1997.
In order to examine effects of not mating during one breeding season on egg clutch size and fertilization rate, egg clutches were removed from females on 28 November 1996 and 10 December 1997. Female CL was again measured to 0.1 mm. Their body weight (BW) was measured to 0.1 g and the weight of their egg clutch was measured to 0.001 g on an electric balance. About 0.1 g of egg sample was taken by accumulating eggs from 5 randomly selected locations of each clutch and weighted to 0.001g on an electric balance. The number of viable and nonviable eggs per sample was counted under a binocular microscope. All of the viable eggs were during late embryonic stage (see the Results section) and beating their heart. Egg densities (n/g) of each egg clutch were estimated as the total number of viable and nonviable eggs per sample weight. The number of eggs per egg clutch was calculated as the product of the egg density and egg clutch weight. The percentage of viable eggs in a clutch was calculated as the number of viable eggs per the total number of viable and nonviable eggs in each egg sample. The diameters of 10 viable eggs in each egg sample were measured to 0.01 mm using an ocular micrometer under a binocular microscope, and the average of the egg diameter was calculated. The developmental stage of viable embryos in each egg clutch was determined as described by Nagao et al. (1999) for the hair crab E. isenbeckii.
The egg clutch weight and the egg diameter between the groups were compared with a t-test. The percentage of viable eggs in a clutch was analyzed by t-test after arcsine transformation of the data. The number of eggs per clutch between the groups was compared with Mann-Whitney U test.
RESULTS

Body Size of Males and Females Used in the Experiments
In the 1996 collection, female CL ranged from 34.8 to 52.8 mm (n ¼ 30) and male CL ranged from 52.9 to 63.6 mm (n ¼ 10). In 1997, CL of the males and females ranged from 51.0 to 63.4 mm (n ¼ 8) and from 37.1 to 49.2 mm (n ¼ 8), respectively. There was no significant difference in CL of males and females between the sampling years (t-test: female; t ¼À0.606, P ¼ 0.552; male; t ¼À1.034, P ¼ 0.312). Sixteen females and 5 females spawned their eggs in 1996 and 1997, respectively. The averages of CL and BW of the incubating females in the 1996 mating and nonmating group, and the 1997 mating group are shown in Table 1 . There were no significant differences in either CL or BW of the females among the 1996 mating and nonmating groups, and the 1997 mating group (ANOVA: CL, F ¼ 0.586, P ¼ 0.567; BW, F ¼ 0.752, P ¼ 0.486). Therefore, we pooled the females mated in 1996 and 1997 for the subsequent analysis.
Egg Clutch Weight and Number of Eggs per Brood
The relationships between the egg clutch weight (Y) and BW (X) were given by the regression equation for all incubating females used in the present study: log Y ¼ À1.307 þ 1.251 log X (r 2 ¼ 0.238, P , 0.05, n ¼ 21, Fig.  2A ). However, log egg clutch weights were not correlated significantly with log BW within each group (r 2 ¼ 0.176, P ¼ 0.200, n ¼ 11 for the mating group; r 2 ¼ 0.217, P ¼ 0.175, n ¼ 10 for the non-mating group). There was no statistically significant difference in the frequency distribution of BW between the mating and non-mating group (Kolmogorov-Smirnov test: z ¼ 1.020, P ¼ 0.250), and no significant difference in the egg clutch weight between the 2 groups (t-test, t ¼ 0.761, P ¼ 0.456, Fig 3A, Table 2 ) though the non-mating group included 2 females with a small egg clutch (0.68 and 1.23 g).
The number of eggs per clutch (Y) and BW (X) were fitted by a regression equation: log Y ¼ 2.288 þ 1.195 log X (r 2 ¼ 0.229, P , 0.05, n ¼ 21, Fig. 2B ). There was no significant correlation between log egg number per clutch and log BW within each group (r 2 ¼ 0.159, P ¼ 0.224, n ¼ 11 for the mating group; r 2 ¼ 0.215, P ¼ 0.177, n ¼ 10 for the non-mating group). The number of eggs did not differ significantly between the mating and non-mating group (Mann-Whitney U test: z ¼ À0.493, P ¼ 0.654, Fig. 3B , Table 2 ).
Egg Size
The developmental stage of every egg clutch on 28 November 1996 and 10 December 1997 was determined to be Stage VIII (prezoea stage, Nagao et al., 1999) . Thus, we did not need to take egg development into consideration when comparing egg size. The mean egg diameters in the mating and non-mating group are shown in Table 2 . There was no significant difference in diameter between the 2 groups (t-test: t ¼ 0.402, P ¼ 0.692, Fig. 3C ).
Percentage of Viable Eggs in an Egg Clutch
The mean percentages of viable eggs per clutch were high for both the mating and non-mating group (Table 2) . There was no significant difference between them after arcsine transformation of the data (t-test: t ¼ 0.137, P ¼ 0.892; Fig. 3D ).
DISCUSSION
Females of species in several brachyuran families have been reported to spawn two or more egg clutches without remating: Majidae (Hartnoll, 1965; Watson, 1970; Paul, 1984), Cancridae (Shirley and McNutt, 1989) , Corystidae (Hartnoll, 1968b) , Xanthidae (Binford, 1913; Swartz, 1978 , Morgan et al., 1983 , Grapsidae (Pillay and Ono, 1978; Kyomo, 1986; Zimmerman and Felder, 1991) , Ocypodidae (Yamaguchi, 1998) . In some of these species, the second or later egg clutches were fertilized and hatched under continuous observations (Cheung, 1968; Kobayashi, 1983; Morgan et al., 1983; Paul, 1984) . These clutches must have been fertilized by sperm stored in the spermathecae for at least two ovulations. In Cheiragonidae, it was not known if females could fertilize a clutch of eggs using only sperm stored from mating in a previous season. All of the T. cheiragonus females in the present study, except for some individuals that did not molt by July, spawned fertilized clutches even if they did not mate in the same year. This result suggests that T. cheiragonus females are able to fertilize one egg clutch using sperm stored in their spermatheca for 7 months after a mating prevention. Cheung (1968) reported that 15 females of Menippe mercenaria (Say, 1818) held without males spawned normally fertilized eggs after molting. Furthermore, he found numerous sperm in the oviduct of a recently molted but unmated female. Shirley and McNutt (1989) also observed that 5 of the 11 isolated females of C. magister produced fertilized clutches after molting. By contrast, female Neopanope sayi (Smith, 1869) held without males could not produce fertilized eggs after molting (Swartz, 1978) . The spermatheca of soft-shell females of N. sayi had no sperm, and only their exuvial spermathecae did. In the present study, molted T. cheiragonus females were isolated from males until spawning after the mating peak of May to June, and all of these females spawned an egg clutch with fertilized eggs. T. cheiragonus females must retain viable sperm in their spermatheca over at least one molting.
Most adult female T. cheriagonus spawn during September to October in the sublittoral zones of Usujiri and incubate their eggs for about 6 months until larval release (Nagao and Munehara, 2001) . Females copulate only in the soft-shell condition (Kamio et al., 2002) . Thus, it is likely that females molt and mate in April to July when they are not brooding. In support of this, few mating pairs were found from August to March in Usujiri (Nagao and Munehara, 2003) , and all females used in the present study molted from 13 May to 16 June. If females molt and mate only during the non-incubating period, then the isolated females in the present study probably had not mated for 14-18 months. We did not determine how long sperm could remain viable when stored in spermathecae. Some brachyurans from high latitudes can retain viable sperm for over a year (Kobayashi, 1983; Paul, 1984; Shirley and McNutt, 1989) , so female T. cheiragonus may also do the same. Morgan et al. (1983) observed that the hatching success of eggs of Rhithropanopeus harrisii (Gould, 1841) females held without males decreased in successive broods. Paul (1984) found that the mean volume of ejaculates in spermatheca of isolated C. bairdi multiparous females decreased linearly with the number of broods produced in isolation. Hence, fertilization rates may decrease or abnormal development may increase in successive broods produced by females that do not have access to males. In the present study, the mean percentage of viable eggs in an egg clutch of T. cheiragonus was high in both mating and nonmating groups although egg loss during the incubation period was not determined. However, a large number of eggs were not found to drop off in the tanks during the incubation period, and the females were usually buried under sand without active locomotion through the period. Thus, egg loss was probably not very high. Furthermore, one female in the mating group had a small percentage of viable eggs (15.3 %, Table 2 ). This suggests that dead or unfertilized eggs may be retained in clutches. If few eggs were sloughed, or if fertilized and unfertilized eggs dropped off from a clutch in equal proportions, the fertilized rates of T. cheiragonus egg clutches would remain high even after one mating prevention in the present study. However, if the isolation period was longer, it is reasonable to expect that fertilization rates would decrease as shown in R. harrisii and C. bairdi previously.
In multiparous females of C. bairdi which were held without males for 2 years, eggs in the third egg clutch were not fertilized and their number was reduced compared to the first clutches produced just after copulation (Paul, 1984) . Similarly the second clutch from C. bairdi females that copulated once at maturity and were isolated for one year was smaller than those from the females held with males during the same term (Paul and Paul, 1992) . These results suggest that the brood size of C. bairdi could be affected by extension of period isolated from males. Although there was no significant difference in T. cheiragonus brood size between the mating and non-mating group, two females from non-mated group carried a small egg clutch (Fig. 3A,  B) . This indicates that longer periods of isolation from males may induce a smaller brood size in T. cheiragonus female. Furthermore, such partial reproductive failure may be caused by a decrease of stored sperm or its viability during isolation period.
Prolonged storage of ample viable sperm is likely to ensure fertilization by multiparous female T. cheiragonus. As suggested in the above paragraph, the females seem to molt during April to July and mate only after the molt (Kamio et al., 2002; Nagao and Munehara, 2003) . The carapace length of ovigerous females has a wide range (from Table 2 . Means and ranges of some reproductive parameters of Telmessus cheiragonus (Tilesius, 1812) ovigerous females used in the mating and nonmating group. 35 to 60 mm) and the females have about 5 potential molts after the first spawning (Nagao, 1999) . Thus, the female does not seem to have a terminal molt at maturity. However, annual molting and mating might not be essential for the reproduction of T. cheiragonus females because at least one molt without copulation has no apparent effect on either their egg production or fertilization as shown in our study. In several species of decapod crustaceans, larger individuals molt less often than smaller ones (Hess, 1941; McCaughran and Powell, 1977; Matsuura and Takeshita, 1979; Campbell, 1983; Hankin et al., 1989) . At the present time, there is no certain evidence that larger females of T. cheiragonus can skip annual molting. However, if larger female T. cheiragonus molt less often than smaller ones, then sperm storage by the larger females may be more profitable than that of smaller ones because the larger females would have copulated several times during their lives allowing a build up of larger sperm stores.
